Linear magnetoresistance is an important attribute for magnetic sensor design in space applications, three-dimensional detection of the magnetic field, and high field measurements. Here we demonstrate that a large linear magnetoresistance of up to 22% can be achieved in a magnetic tunnel junction that consists of two ferromagnetic layers, one with out of plane and one with in-plane magnetic anisotropy. The tunneling magnetoresistance with the electrical current perpendicular to the film plane and the magnetic configuration of the device are analyzed.
Today, the most widely used commercial magnetic sensors are based on one of the following effects: the Hall effect, anisotropic magnetoresistance, 1 giant magnetoresistance ͑GMR͒, 2 and tunneling magnetoresistance ͑TMR͒. [3] [4] [5] Due to their high field sensitivity, magnetic tunnel junctions ͑MTJs͒ and spin valves are widely used in applications such as field sensors and position and rotation detectors. An ideal magnetic sensor must have a linear response to the applied magnetic field and be free of hysteresis. This can be achieved by introducing an internal or external bias field, 6 or by utilizing the shape anisotropy of the free magnetic layer. 3 These methods are devised to align the magnet moments of the free and reference layers to be initially perpendicular to each other, while both staying within the plane of the film. An alternative approach of making the magnetization of the free and the reference layers perpendicular is to use a perpendicular anisotropic ferromagnet as the free layer, with its moment directed out of the plane of the film. This method has been used in recent designs of GMR sensors. [7] [8] [9] [10] In this letter we report the fabrication and analysis of a MTJ thin film sensor that exploits the out-of-plane alignment of the magnetization of one of the ferromagnetic layers. Specifically, we use Co/Pt multilayer as the reference layer, which has a magnetic anisotropy favoring perpendicular ͑out-of-plane͒ magnetization, and CoFeB as the free layer, which has an anisotropy favoring in-plane magnetization. The measured TMR is up to 22% and has a nearly linear response to the magnetic field.
Samples with the layer structure of Ru͑10͒/Cu͑20͒/ Ru͑10͒/͓Co͑0.5͒ / Pt͑2͔͒ 6 /Co͑0.4͒/Al-O͑1͒/CoFeB͑2.5͒/Ru͑10͒ ͑thickness unit: nanometer͒ were deposited on Si͑100͒/SiO2 substrate using an ULVAC TMR R&D magnetron sputtering system ͑MPS-4000-HC7͒. Deposition was carried out from a base pressure below 5 ϫ 10 −7 Pa and an Ar plasma sputtering pressure of 0.07 Pa. The whole multilayer was deposited without breaking the vacuum. The continuous multilayered samples were patterned to form small elliptical junctions using contact optical lithography and Ar ion-beam etching. The magnetic transport properties of the MTJs were measured using a Physical Properties Measurement System and a fourprobe dc method at temperatures between the room temperature ͑RT͒ and 4.2 K. Figure 1 shows the full hysteresis loop for one sample with the magnetic field applied perpendicular to the film. An abrupt change in the magnetization occurs at an applied field of 400 Oe ͑see inset͒. This signals the reversal of the moment in the Co/Pt multilayer. The magnetization saturates when the applied field exceeds 8 kOe. Because the magnetization in the Co/Pt multilayer is always perpendicular to the film, it acts as the fixed ͑reference͒ layer in the MTJ. The moment of the CoFeB layer, on the other hand, rotates from the in-plane direction to the out-of-plane direction as the magnetic field is increased. Thus the CoFeB layer acts as the free layer.
The resistance and TMR, as shown in Fig. 2 , exhibit a nearly linear change with the magnetic field. Comparing the resistance to the corresponding magnetization under the same field in Fig. 1 , we can see how the magnetic configuration and the resistance evolve with the field. We start from the largest applied field in the negative direction, labeled point A in Figs. 1 and 2͑a͒. At this point, the magnetization in both the free and the reference layers point out of the film plane and the device has the minimum resistance. The resistance increases linearly with decreasing magnetic field until the zero field is reached at point B in Fig. 2͑b͒ . At this point, the magnetization of the CoFeB layer is rotated into the film plane due to the removal of the field. Increasing the magnetic field in the reverse direction initially causes the resistance to continue to increase until a sudden drop in the resistance at around 400 Oe or from point C to point D in Fig. 2͑b͒ . This is the point where the magnetization of the Co/Pt layer is reversed in the hysteresis loop in Fig. 1 . Ideally, if the moments in two layers are perfectly perpendicular to each other, the reversal should not change the resistance. The small jump in the resistance is because the magnetization of the CoFeB layer is already slightly out of the plane under this field. Further increasing the magnetic field to 8 kOe or beyond saturates both the magnetization in Fig. 1 and the resistance in Fig. 2 . At point E, the moments in both layers are completely parallel and we reach the minimum resistance again.
To gain a more quantitative insight, we map the measured resistance to the angle between the moments of two layers, . For the fully parallel ͑ =0°͒ and the antiparallel ͑ = 180°͒ configurations, the conductivities of the device are G P and G AP , respectively. We invoke a simple model for the conductivity at any angle,
This can be easily derived by writing the spin wave function of a rotated electron as a linear combination of spin up and spin down wave functions. Although we know the value of G P , we do not know the value of G AP . Instead, we know the conductivity for the case when the magnetic field is zero, point B in Fig. 3͑b͒ . For this case = 0 , we have
Solving for cos from Eq. ͑1͒ and eliminating G AP using Eq. ͑2͒, we find
There is a small hysteresis between the resistance at D ͑increasing field͒ and DЈ ͑decreasing field͒. This is because with the increasing field not all of the Co/Pt layer moments flip at D ͑in Fig. 2 at point D the total magnetization is close to zero͒. At point DЈ, with the decreasing field, it is more likely that all of the Co/Pt are aligned in the field direction. Therefore we use the resistance at point DЈ for the calculation below. Let us assume that the CoFeB layer is rotated out of plane by at points C and DЈ. Then = 0 − at point C and = 0 + at point DЈ. Using Eq. ͑3͒ for both points and noting that 0 Ϸ 90°, we find, 2 sin = ͑G D Ј − G C ͒ / ͓G P − G͑ 0 ͔͒ where G D Ј and G C are conductances at points DЈ and C, respectively. From the measured values of the resistance, 425.2 ⍀ at C and 410.1 ⍀ at DЈ, we find = 5.89°. Substituting this back into Eq. ͑3͒ for G C , we find 0 = 90.65°.
The value of 0 confirms the nearly perfect perpendicular magnetization between the two layers at zero field. The angle of rotation of the CoFeB layer at points C and DЈ, = 5.89°, can also be corroborated from the magnetic moment curve, Fig. 1 . From the difference in the magnetic moment between saturation M = 2.48 and zero field M = 1.48 ͑M is in unit of 10 −4 emu͒, we estimate that the moment of the CoFeB layer is M CoFeB = 1.0. The change in magnetic moment between points B ͑zero field͒ and C is ⌬M = 0.11. Using sin = ⌬M / M CoFeB , we find = 6.31°. This is very close to the estimate from the resistance measurement. Figure 2͑c͒ shows the temperature dependence of the TMR of the device. Two TMR values are shown. The first is the measured TMR, defined as NTMR= ͓R͑͒ − R P ͔ / R P ϫ 100. This ratio increases from 22% at RT to 32% at 4.2 K. The second curve shows a hypothetical TMR between the P state and a hypothetical AP state ͑there is no actual AP state in this device͒, ATMR= ͓R AP − R P ͔ / R P ϫ 100, where R AP is calculated from Eq. ͑1͒. The ATMR is 70% at 4.2 K, as shown in Fig. 2͑c͒ ͑red curve͒, indicating the high quality of the device. Figure 2͑d͒ shows the TMR at different temperatures as a function of the magnetic field from Ϫ3 kOe to 400 Oe. There is little hysteresis even at the lowest temperature. The hysteresis diminishes further as the temperature is increased. The device is most linear at RT. The nonlinearity ͑NL͒, defined as NL= ͓R͑H͒ − R 0 − r 0 H͔ / R͑H͒ ϫ 100, where R 0 and r 0 are coefficients obtained from linear regression of R͑H͒ as a function of the magnetic field H, is shown in Fig. 3 . For the entire curve NL is less than 0.5%. This linearity is very good for device applications. Note that the linearity is valid as long as the applied magnetic field does not flip the moment of the Co/Pt layer. Thus the range of linear application must be restricted to either from Ϫ3 kOe to 400 Oe or from Ϫ400 Oe to 3 kOe. In summary, a linear MTJ sensor for three dimensional magnetic field measurements and for high magnetic field measurements has been demonstrated. The device consists of one ferromagnetic layer with a perpendicular anisotropy and the other with in-plane anisotropy. A linear TMR of up to 22% at RT is achieved in response to magnetic field perpendicular to the sample plane, with NL less than 0.5% at RT. As a final note, this junction exhibits nearly identical TMR and linearity under an in-plane magnetic field. 
